The Next to Minimal Supersymmetric Standard Model (NMSSM), proposed as a solution of the µ problem of the Minimal Supersymmetric Standard Model, has a discrete Z 3 symmetry which is spontaneously broken at the electroweak phase transition, resulting in a cosmological domain wall problem. This domain wall problem cannot be solved by explicit Z 3 breaking without introducing supergravity tadpole corrections which destabilize the weak scale hierarchy. Here we consider the possibility of solving the domain wall problem of the NMSSM via spontaneous discrete symmetry breaking occuring during inflation. For the case where the discrete symmetry breaking field has renormalizible couplings to the NMSSM fields, we find that the couplings must be less than 10 −5 (and in some cases 10 −8 ) if the reheating temerpature is larger than 10 7 GeV , but can be up to 10 −3 for reheating temperatures of the order of that of the electroweak phase transition. For the case of non-renormalizible couplings, we present a model which can solve the domain wall problem for large reheating temperatures without requiring any very small coupling constants. In this model the domain walls are eliminated by a pressure coming from their interaction with a coherently oscillating scalar field whose phase is fixed during inflation. This oscillating scalar field typically decays after the electroweak phase transition but before nucleosynthesis, leaving no additional Z 3 symmetry breaking in the zero-temperature theory.
Introduction.
The Minimal Supersymmetric extension of the Standard Model (MSSM) has become widely regarded as the most probable theory of physics beyond the Standard Model (SM), due to its ability to protect the weak scale from quadratically divergent radiative corections [1] . However, the MSSM requires, in order to give an expectation value to both Higgs doublets, the introduction of a SUSY mass parameter for the Higgs doublets, µ, which has no obvious reason to be of the order of m W . (We will refer to this as the µ problem). One particularly simple and attractive solution of the µ problem is to extend the MSSM to the Z 3 symmetric Next to Minimal Supersymmetric Standard Model (NMSSM) [1, 2] . This adds a scalar superfield N to the MSSM whose expectation value provides an effective µ term for the Higgs doublets. The µ term is naturally of the order of the weak scale so long as the Z 3 symmetry is imposed. However, the Z 3 symmetry introduces a cosmological problem in the case where the reheating temperature after inflation is large compared with the weak scale, namely the formation of stable domain walls [3, 4] due to the sponanteous breaking of the Z 3 symmetry at the electroweak phase transition [5] .
In order to eliminate these domain walls, a Z 3 symmetry breaking which has the same phase over the region corresponding to the observable Universe must be introduced into the effective weak scale theory. However, any explicit Z 3 symmetry breaking (even if due to Planck-scale suppressed non-renormalizible operators) will almost certainly destabilize the weak scale by allowing quadratically divergent gauge singlet tadpole diagrams which appear in the full supergravity theory [5, 6] .
The obvious alternative is to consider spontaneous Z 3 symmetry breaking due to a new gauge singlet scalar field, S, whose initial value is fixed during inflation, ensuring that the resulting discrete symmetry breaking phase is the same over the observable Universe. In this paper we will discuss whether such a possibility can be implemented in a natural way, in the sense of not requiring extremely small coupling constants. We will consider two different approaches. One is based on coupling S directly to the NMSSM via renormalizible couplings. The other is based on having only non-renormalizible couplings of S to the NMSSM sector, suppressed by powers of the Planck scale or of some intermediate mass scale. We first outline the cosmological scenario we have in mind.
We will consider the simplest scenario, in which there is an initial period of inflation due to the energy density of an inflaton field, which subsequently oscillates coherently about the minimum of its potential until it decays, leaving the Universe radiation dominated at a "reheating" temperature T R [7] . T R should be low enough not to thermally regenerate gravitinos, T R < ∼ 10
10 GeV [8, 9] , implying that the value of the expansion rate of the Universe at T R , H(T R ), must less than 1GeV .
Between the end of inflation and the beginning of radiation domination the Universe is dominated by the energy density in coherent inflaton oscillations. An important point to note is that the Universe does not "reheat" as such. During the inflaton oscillation dominated period the decay of the inflaton results in a themal background of particles with a temperature T r ≈ k r (M P l HT 2 R ) 1/4 , where k r ≈ 0.4, the energy density of which eventually comes to dominate the energy density of the Universe at T R [7] . The magnitude of the density perturbations observed by the Cosmic Background Explorer implies that H ≈ 10 14 GeV during inflation, assuming that the density perturbations are due to quantum fluctuations [10] . Therefore it is possible that T r could exceed 10 10 GeV at the end of inflation, even if T R is less than 10 10 GeV . In general T r is given by
Although it would seem that T r > ∼ 10
10 GeV might require a tighter bound on T R in order to evade the thermal regeneration of gravitinos, it is straightforward to show that the rapid increase in H as a function of T during the inflaton oscillation dominated period, H ∝ T 4 , ensures that the gravitinos generated thermally during this period never exceed those generated around T R . Thus it is sufficient to impose
GeV . On the other hand, we will find that the higher temperatures that exist during the inflaton oscillation dominated period must be taken into account when considering the constraints on the couplings which follow from the requirement that the Z 3 symmetry is not thermally restored before the NMSSM domain walls form at the electroweak phase transition.
It has become clear that in many inflation models based on supergravity, the scalar fields will obtain O(H 2 ) SUSY breaking masses squared due to the nonzero energy density which exists during inflation and, more generally, in the early Universe [7, 11] . (A possible exception is the case of D-term inflation, depending on the details of the model [12] ). If such masses happen to be negative, then scalar fields with very flat scalar potentials out to large field values will have initially large expectation values fixed during inflation. This is in contrast with the case of the flat directions of potentials characterized by "hidden sector" soft SUSY breaking masses of the order of 100GeV . (By "hidden sector" SUSY breaking masses we mean those coming from hidden sector SUSY breaking [1] ). In this case the fields cannot roll to the minimum of their potentials during inflation since H is much larger than m s , where m s ≈ 100GeV characterizes the magnitude of the hidden sector mass terms. Therefore they will have random initial values. The role of the H 2 mass terms in our discussion is to fix the initial values of the fields at the end of inflation to be at a minimum of their scalar potential, with a single discrete symmetry breaking phase througout the observed region of the Universe. It is an interesting question to ask whether the domain wall problem can be solved with random initial values of the fields at the end of inflation, as in the case without H 2 mass terms, but we will not address this question here. We must take the H 2 soft SUSY breaking mass squared terms to be negative, in order to have a non-zero value for the discrete symmetry breaking scalar S at the end of inflation. There are then two possible scenarios for the cosmological evolution of the S expectation value, depending on the sign of the "hidden sector" SUSY breaking mass squared term. If this is positive, then the S scalar will begin to oscillate coherently once the hidden sector mass squared term comes to dominate the H 2 term as the Universe expands. On the other hand, if it is negative, the S expectation value will remain large and constant once the hidden sector mass squared term comes to dominate.
If this Z 3 symmetry breaking expectation value can survive down to temperatures less than that of the electroweak phase transition (at which the Z 3 domain walls form), T ew , then we may be able to use the interaction of < S > with the NMSSM sector fields to eliminate the NMSSM domain walls. However, we will see that it is not so easy to achieve a natural solution. On the one hand, we have to provide a large enough vacuum energy splitting between the different Z 3 domains to provide sufficient pressure to drive away the domain walls. On the other hand, in the case of the negative hidden sector mass squared, we have to ensure that the Z 3 symmetry is not thermally restored and that the S expectation does not give a large mass to the scalars in the NMSSM sector responsible for electroweak symmetry breaking.
In addition, in the case of the coherently oscillating S scalar, we have to ensure that the S field is not thermalized before the electroweak phase transition and that it decays after the electroweak phase transition but not so late that it disrupts the predictions of standard big-bang nucleosynthesis. ). The simplest extension of the NMSSM is then to consider the Z 3 charge of S to be equal to that of N, Q(S) = 1/3. The superpotential of the model is then given by W = W N M SSM + W S , where
is the standard Z 3 symmetric NMSSM superpotential [1, 2, 5] and
With these superpotential terms (and with < N >= 0), the scalar potential is
The expectation value of S is given by
(The expansion rate during radiation domination is given by H =
, where
and g(T ) is the number of relativistic degrees of freedom at T . g(T ) ≈ 100 and k T (T ) ≈ 16 for T larger than 100GeV). We first consider the conditions under which there is no thermal restoration of the Z 3 symmetry.
This requires that the S 2 term in the finite temperature effective potential remains negative for all values of T after the end of inflation for which the S condensate scalars are in thermal equilibrium. The N particles and Higgs particles H i will be in thermal equilibrium and will contribute to the S finite-temperature effective potential if they are lighter than T . This must be true for T large compared with T ew , since any N or H i mass term due to < S > cannot be very large compared with the weak scale without disrupting electroweak symmetry breaking. In addition, the S particles orthogonal to < S >, which we denote by S ′ , gain a mass from < S > and will contribute to the finite temperature effective potential [9, 13] . The condition that these particles are light compared with 
This is consistent with T eq
If this is not satisfied then T eq > ∼ T R and
The Z 3 symmetry remains broken at
where we have used m s ≈ 100GeV and k T ≈ 16. The largest λ i allowed by Z 3 symmetry breaking is consistent with T eq
GeV then the condition that the Z 3 symmetry remains broken at T eq becomes tighter
(11).
For T R = 10 2 GeV (10 5 GeV ) this requires that λ i < ∼ 10 −3 (10 −4 ). Thus we see that for the case of m 2 s < 0 with renormalizible S couplings to the NMSSM sector, the couplings of S to N and to the Higgs fields must be rather small if the reheating temperature is large compared with T ew , in order not to thermally restore the Z 3 symmetry. In particular, if the reheating temperature is close to the gravitino upper limit, then these couplings must be less than around 10 −5 . We have not yet discussed the elimination of the domain walls. We will discuss this in some detail later, but for now we merely note that it is very easy to introduce large < S > dependent contributions into the N scalar potential. For example, from the superpotential couplings k and λ 2 , we obtain a term in the scalar potential
However, if we do not assume that k is very small compared with 1, λ 2 must be smaller than λ We should check that spontaneous breaking of the discrete symmetry does not introduce dangerous quadratic divergences. A quadratically divergent tadpole arises at two-loops in N = 1 supergravity with hidden sector SUSY breaking and no direct coupling of the hidden and observable sectors in the Kahler potential [6] . With a Kahler potential given by
corresponding to minimal scalar kinetic terms, and superpotential terms of the form
a divergent N tadpole is generated
On introducing the hidden sector SUSY breaking F-term for K,
, there is a contribution to the N scalar potential of the form [6] 
Taking the cut-off Λ to be M P l , we find that the additional term in the N scalar potential is of the form
2 GeV , this term will make impossible the generation of a naturally weak scale µ term. Throughout this paper we will consider the natural value of non-renormalizible couplings such as λ α to be of the order of 1, with the strength of the couplings set by the large mass scale which we will take to be the Planck scale.
In this case we would require that λ 
In this case we will have a coherently oscillating S scalar. We have to ensure that the condensate does not thermalize or decay before the electroweak phase transition.
The requirement that the condensate does not thermalize via inverse decays imposes the constraint, assuming that the S, H i and N particles are lighter than T ,
Thus with T ≈ T ew this requires that λ i < ∼ 10 −8 . This constraint should be applied if the masses of the S ′ , H i and N particles due to < S > are small compared with T.
During the inflaton oscillation dominated era, the energy density of the S oscillations scales as that in the inflaton oscillations, whilst after reheating the energy density of S oscillations scales as a(T ) −3 , where a(T ) is the scale factor. Thus the energy density during radiation domination at T < T R is given by
where
The corresponding amplitude of the S oscillations at
S o , where S o is the initial amplitude of the oscillations. The condition that the mass of the particles due to their interaction with the condensate, λ i S, is less than T then requires that
This will easily be satisfied for T ew < ∼ T < ∼ T R . (Below T ew the particles gain masses from electroweak symmetry breaking).
In addition, under the assumption that the S condensate particles are heavy enough to decay directly to a two-body final state via the coupling λ i with a rate
m s , the requirement that the condensate doesn't decay before temperature T imposes the constraint
This will give an even tighter constraint on λ i if the coherent oscillations have to survive down to a temperature much lower than the electroweak phase transition in order to eliminate the domain walls, as we will see is likely to be the case in the NMSSM [5] .
We next consider the conditions under which the S condensate can eliminate the NMSSM domain walls. This requires that the pressure due to the energy difference ∆V between the domains is large enough to cause the higher energy domains to collapse on the time scale H(T ) −1 [3, 4, 14] . The condition on ∆V depends on whether the domain walls are relativistic or not, i.e. whether there are significant frictional forces due to the interaction of the domain walls with the thermal background particles. If there are strong frictional forces, then the walls will expand until the force due to surface tension is balanced by the friction, which will occur at a radius much less than the horizon H −1 (T ). The pressure due to ∆V must then overcome this large surface tension force. If there are effectively no frictional forces, meaning that the surface tension can overcome the frictional forces for relativistic walls of radius equal to the horizon, then the condition on ∆V will be typically much weaker. For the case of an unbroken Z 3 symmetry, the conventional view would be that there are no (or at least highly suppressed) frictional forces, since the particles crossing the domain walls would have equal masses on either side of the wall and so would transfer no net momentum to the wall on passing through [14, 15] . However, it has been suggested that, taking into account the change in the particle masses in the vicinity of the wall, there will be a non-zero reflection coefficient, leading to a large frictional force until the heavier particles become Boltzmann suppressed at temperatures less than around that of the quark-hadron phase transition, after which the domain walls become relativistic on the scale of the horizon [5] . (The friction force per unit area on the wall is estimated to be f ≈
vT , where m is the mass of the heaviest thermal background particle with mass m less than T and g degrees of freedom and v is the velocity of the wall [5] . This force rapidly decreases as T decreases and the heavier thermal particles become Boltzmann suppressed. The condition on ∆V (∝ T 3 ) to eliminate the domain walls, namely that it can overcome the friction force and surface tension, will be most easily satisfied once the friction force is weak enough to allow the domain walls to remain relativistic up to scales of the order of the horizon. Thereafter, the condition becomes more difficult to satisfy as T decreases). We will keep in mind both possibilities in the following. Suppose the domain walls become relativistic on horizon scales at T rel . Soon after T rel , the uncollapsed domain walls will have a radius of the order of the horizon H(T rel ) −1 .
This will continue to be true until the pressure due to ∆V dominates the force due to the surface tension σ. This in general occurs once the radius of a domain is larger than a critical radius, r c , given by
The smallest |∆V | will therefore correspond to the largest possible r c . Although the Z 3 domain wall will consist of the Standard Model Higgs fields as well as the N field, for simplicity we will consider the wall to be made only of the N field.
Assuming that the N scalar self-couplings are not very small compared with 1, the surface tension will be σ ≈< N > 3 [4, 14] .
From the superpotential couplings λ 2 and k we obtain an energy density splitting between the different Z 3 vacuum states
This depends on the value of S 2 and so will have a non-zero value on averaging over the S oscillations. The condition that this can overcome the surface tension for horizon-sized relativistic domains at T rel is then that
The left-hand side will be smallest for λ 1 < ∼ λ 2 , so we require that (using < N >≈
Therefore we see that the requirement that ∆V is large enough to eliminate the domain walls imposes a very tight constraint on some of the couplings. A similar S 2 dependent contribution to ∆V , ∆V ≈ 2λ 1 λ 3 S 2 N 2 , arises from the superpotential couplings λ 1 and λ 3 . For this to eliminate the domain walls we would require that 3. Non-Renormalizible S couplings to the NMSSM Sector.
We have seen that the case of renormalizible S couplings to the NMSSM sector requires very small couplings for the case of large reheating temperatures (typically less than 10 −8 for at least some couplings in the case where the reheating temperature is larger than 10 7 GeV ). In particular, for the case of a positive hidden sector mass squared for the S scalar, some couplings must be less than about 10 −12 even if the reheating temperature is small. One way to overcome the need for very small couplings might be to simply eliminate all the renormalizible couplings of the S scalar to the NMSSM fields, allowing only non-renormalizible couplings suppressed by powers of some large mass scale, which we will take to be the Planck scale. This is naturally achieved by extending the Z 3 symmetry of the NMSSM to a discrete symmetry, which we will call Z A , under which the charge of S is such that no renormalizible couplings of S to the NMSSM fields are possible. 
The expectation value following from the S scalar potential, The superpotential of the model is then given by
where W X is the allowed renormalizible coupling of X,
and W N R gives the leading order non-renormalizible superpotential couplings involving the additional gauge singlet scalars,
The model will require an intermediate mass for the X scalar. This will be generated by an expectation value for B. The obvious possibility is to assume that the hidden sector mass squared of the B scalar is negative, which would result in an expectation value for B given by,
However, we should perhaps note that in this case there could be problem due to the late decay of oscillations of the weakly coupled B scalar around the minimum of its potential. The B scalar has a mass of the order of m s , whilst the X particles to which it couples gain a mass of the order of 10 10 GeV as a result of < B >.
Thus the B decay rate will be highly suppressed in this case. If the B field is not very close to the minimum of its potential at the end of inflation, its coherent oscillations about the minimum of its potential will decay long after nucleosynthesis and could dominate the energy density of the Universe when they decay. This is all dependent upon the value of B at the end of inflation and the dynamics of its subsequent evolution as the Universe expands and its effective (negative) O(H 2 ) SUSY breaking mass squared term decreases. Since in our model the B field only serves to generate an intermediate mass for X and, in a sense, may be regarded as a toy field representing the dynamics of a more realistic model, we will not concern ourselves with the details of this issue here.
In general we will consider M X > ∼ 10 10 GeV . One reason for this choice, as we will show later, is that it ensures that the X particles are Boltzmann suppressed for all temperatures, thus eliminating the possibility of thermalization of the S condensate by light thermal X particles. Integrating out the massive X field, we obtain the following effective interaction in the superpotential
This is valid so long as λ a < S > < ∼ M X . This interaction is fundamentally important in what follows, as it will allow both a sufficiently rapid decay of the S oscillations so as to avoid problems with nucleosynthesis and at the same time allow a sufficiently strong interaction of the S oscillations with the N scalars to drive away the Z A domain walls. (Assuming that the S scalar mass is large enough, the S scalars can decay to S fermions, which will be highly decoupled and will typically have a mass not much larger than 1eV (coming from the interaction (32) with < N >∼ 100GeV − 1T eV ) and N particles. So long as their energy density is sufficiently small compared with than that of the radiation when they are produced the S fermions will not give rise to any cosmological problems. Alternatively, for the charge assignment of Table 1(b), one can obtain an operator of the same form as equation (32) but with S 2 N 2 → SNH u L, which can allow the S scalars to safely decay to NMSSM fields). The S scalar potential is given by
.
Thus the initial value of the S field when the oscillations begin at H ≈ m s , S o , is given by
We next consider the conditions under which the S energy density decays at a temperature less than that of electroweak phase transition, T ew , without disturbing the predictions of nucleosynthesis. This requires either that the ratio of the energy density in the S scalars to that in radiation when the S scalars decay, r D , is less than 10 −4 , in order not to photodissociate the deuterium abundance, or that the S scalars decay at a temperature greater than around 1MeV [9, 8, 16] . The former condition requires that
The S scalars in the condensate decay via the interaction of equation (32) 
Therefore, in the case where decay occurs after nucleosynthesis at 1 MeV, we require that the reheating temperature satisfies,
Thus with r D ≈ 10 −4 , m S ≈ 10 2 GeV and M X > ∼ 10 10 GeV , this requires that
GeV . This imposes a severe restriction on T R for λ a < ∼ 0.1. On the other hand, from equation (37), we see that it is quite likely that T d > 1MeV . For example, λ a ≈ 1 (λ a ≈ 0.01) and M X ≈ 10 10 GeV gives
GeV ). Therefore in this case we expect that the S oscillations will typically decay at a temperature between 1MeV and 1GeV. (With α d ≈ 10 −4 , T d greater than 1MeV requires that λ a is greater than 0.032). The energy density when the oscillations decay is given by
GeV ( and since the radiation energy of the Universe after the S scalars decay will simply be given by ρ S at this time, T d will be the same as that given in equation (37). The amplitude of the S oscillations at T < T R is given by
GeV (40).
This will have a negligible effect on the electroweak phase transition.
We must also ensure that the S condensate is not thermalized by scattering processes involving the thermal background particles. We first show that the X particles are always heavier than T and so Boltzmann suppressed if the coupling λ a is not too small compared with 1. The mass of the X particles., M X , is given by
is given by . Assuming that this is satisfied, we see that since < S >∝ H ∝ T 4 for H > ∼ m s , M X will be larger than T for all temperatures after the end of inflation. Thus the X particles will not thermalize the condensate for λ a > ∼ 10 −4 .
The N particle mass is given by M N ≈ Min(λ a < S >,
). In the following, for simplicity, we will concentrate on the case of large T R , not much smaller than the gravitino upper bound. Smaller values of T R can be analysed in a similar way.
Let T N be the temperature below which M N becomes less than T . Let T * be the
. Since for T > ∼ T * the N and X particles have the same mass and we have shown than M X > ∼ T for all T , M N can only become less than T at temperatures less than or equal to T * . Assuming T * < ∼ T R , T * is given by
GeV (42).
Therefore, with λ a not too small, say in the range 0.01 to 0.1, this will be less than T R for reheating temperatures not much smaller than the gravitino upper bound.
GeV (43). Again this will be satisfied for values of T R not much smaller than the gravitino upper bound and λ a in the range 0.01 to 0.1. Therefore in this case we should apply the no thermalization condition during radiation domination at T N . Thermalization will primarily occur via the effective interaction of equation (32). We will treat the scattering of the thermal N particles from the zero momentum S condensate scalars as a simple scattering process involving S and N particles. The scattering rate for
This is less than
Applying the no thermalization condition, Γ sc
We see that this can be satisfied for values of T R not too small compared with the gravitino bound 10 10 GeV when, for example,
and λ a is in the range 0.01 to 0.1.
So far we have not explained why it was necessary to introduce the second discrete symmetry Z B . In the absence of this discrete symmetry, we could have had an additional term in the non-renormalizible superpotential,
where λ b ≈ 1. On integrating out the X field, this would give an effective operator in the superpotential,
which lifts the flat direction much earlier than the S 6 superpotential term, such that
As a result, the lower bound on T R from the requirement that the domain walls can be eliminated becomes it provides non-renormalizible operators which are strong enough to enable the oscillating scalar field to decay fast enough to avoid problems with nucleosynthesis and to allow it to provide a sufficiently large pressure to eliminate the NMSSM domain walls whilst still being weak enough to prevent thermalization of the discrete symmetry breaking scalar condensate before the NMSSM domain walls have formed.
Conclusions.
We have considered the possibility of solving the NMSSM Z 3 domain wall problem by spontaneous discrete symmetry breaking occuring during inflation. For the case of renormalizible couplings of the discrete symmetry breaking scalar S to the NMSSM sector, we find that, if the S scalar has a negative hidden sector mass squared, then it is possible to solve the NMSSM domain wall problem without requiring extremely small couplings so long as the reheating temperature is not very large compared with the temperature of the electroweak phase transition. Reheating temperatures larger than 10 7 GeV would require some of the couplings to be typically less than or of the order of 10 an additional discrete symmetry in order to control the allowed non-renormalizible terms so as to avoid suppressing the density of coherent S scalars.
Although we have concentrated on the Z 3 -symmetric NMSSM, the coherently oscillating scalar mechanism for eliminating weak scale domain walls in SUSY models should have rather general applications to any SUSY model with a weak scale domain wall problem, for example, SUSY models with spontaneous CP violation or R-parity violation at the 100GeV to 1TeV scale. In these cases, given the sensitivity of the strong CP parameter θ to explicit CP violating terms and the baryon number violation rate to explicit R-parity breaking terms, it may well be advantageous in these cases to have the discrete symmetry breaking which is responsible for eliminating the domain walls vanish at zero temperature, as happens in the oscillating
